Two conformational diastereoisomers due to the hindered Aryl-NSO 2 rotation were observed by NMR in the model compound N, N'-bis-tosyl-N,N'-dipropargyl-1,4-diamine-2,3-dimethyl benzene 1. X-Ray analysis showed that only the syn conformation is present in the solid state. The conformational preference in solution was evaluated by DFT calculations and experimentally determined by low-temperature NMR experiments. It was found that the anti conformation is the more populated in low-polarity solvents whereas the syn is the favored one in polar solvents.
Introduction
Hindered aromatic ketones such as 1,4-bis-(mesitoyl)durenes 1 and 2,3-dimethylnaphthalenes 2 substituted by two acyl moieties in positions 1,4 have the plane of the carbonyl group nearly orthogonal to that of the aromatic rings and the energy barriers for the aryl-CO bond rotation is high enough as to give rise to two conformational isomers (rotamers), depending as to whether the two carbonyl groups are in an anti or in a syn relationship with respect to the planar core. The corresponding interconversion barriers could be measured by variable-temperature NMR and when the two acyl substituents were sufficiently bulky (e.g. in the case of the t-BuCO moieties) it has been even possible to achieve the physical separation of the two rotamers. 2 We thus considered the possibility that aryl-bis-sulfonamides could exhibit a similar conformational behavior, due to the hindered rotation of the Aryl-NSO 2 R bond. At the best of our knowledge, this kind of conformational process has not been investigated in detail, while it could be important in atroposelective reactions where the tosylate can act as a leaving group.
Results and Discussion
Compound 1 (Scheme 1) was prepared by tosylation and propargylation of 2,3-dimethyl-4-amino aniline in turn prepared by nitration and reduction of 2,3-dimetyl aniline as previously reported. 3, 4 It is worth of mention that the 1,4-tosylation of 2,3-dimethyl-4-amino aniline revealed to be not a trivial task. In fact, after the easy introduction of the first tosyl group, the second tosylation occurred either in 1,4-and in 1,1-position. It appeared that the nucleophilicity of the two nitrogen atoms of the mono tosylated derivative is quite similar. In our opinion this is only apparently surprising when considering that the Electron Donating Group (EDG) NH 2 increases the nucleophilicity of the para tosylated nitrogen atom while the Electron Withdrawing Group (EWG) NHTs decreases the nucleophilicity of para NH 2 due to conjugation. As an alternative explanation, 5 the observed similar reactivity of the NH 2 and NHTs group could be due to deprotonation of NHTs group, under the basic reaction conditions (triethylamine was used as base), with increasing of the nitrogen nucleophilicity. However, the 1,3-and 1,4-bistosylation of 1,3-diaminotrimetyl benzene 6 and 1,4-diaminotetrametyl benzene 7 is reported to occur without formation of 1,1-bistosylated by-products. Since the deprotonation of NHTs group could be easily operative in these systems as well, while the conjugation between the NH 2 and NHTs is prevented by the relative position or/and steric hindrance, the lack 1,1-bistosylated by-products in these reactions strongly supports the first hypothesis. Independently upon the actual reason of the encountered difficulties, 1,4-bis-tosyl amine was isolated in 23% overall yield after a challenging flash chromatography required to separate the 1,1-bis-tosylated derivative as well as trace amounts of tris-and tetra-tosylated derivatives formed during tosylation.
The following propargylation occurred smoothly on both NHTs groups allowing the isolation of 1 in a 74% yield (Scheme 1, see the Experimental Section for detailed conditions).
Scheme 1. Preparation of compound 1.
The propargyl moiety was conveniently introduced because the CH 2 acts as a probe of chirality 8 that can monitor the conformational motion.
Good single crystals of compound 1 were grown from acetonitrile/methanol solution by slow evaporation. X-ray diffraction analysis showed that the two SO 2 moieties are skewed out of the plane of the 2,3-dimethylphenyl ring, the dihedral angles being 93° and -94° (the compound crystallizes in the centrosymmetric P2 1 /n point group, therefore also the molecule with dihedrals = -93° and +94° is present in the crystal cell). 9 The two sulfonyl groups are therefore on the same side of the phenyl ring. While the two p-methylphenyl rings are arranged in a parallel disposition pointing in the same direction away from the two methyl groups of the tetrasubstituted central phenyl ring, the two propargyl moieties are arranged in an anti disposition, yielding overall a C 1 symmetry. Due to the N-S d-p conjugation, 10 the two carbons and the sulfur bonded to nitrogens lay almost on a plane, being the sum of the three X-N-X angles close to 360° (353.0° and 356.0°). Although only one conformation is present in the solid state, two conformational diastereoisomers are expected to exist in solution, provided the relative energy is not exceedingly different. In one conformational diastereoisomer the two SO 2 moieties are on the same side with respect to the 2,3-dimethylphenyl plane (i.e. the syn relationship observed in the solid state), and in the second diastereoisomer the two SO 2 are on opposite sides (thus an anti relationship). If the N-SO 2 and the N-CH 2 rotational motions are fast, the syn conformation dynamically belongs to the C s symmetry, while the anti belongs to the C 2 symmetry group. Nevertheless, if the N-SO 2 rotation is slow in the NMR time scale, both should display diastereotopic hydrogens for the CH 2 group because even in the case of the syn conformation the local plane of symmetry of the CH 2 does not coincide with the molecular symmetry plane. Figure 2 ) the four conformations were validated as energy minima (no imaginary frequencies) and the relative energies are collected in Table 1 . The conformation observed in the solid state corresponds to the syn-1 conformation of Figure  2 suggested by DFT calculations. The syn-1 conformation was not calculated as the most stable, but the energy differences are small and the conformation observed in the crystal could be the result of a stabilization due to a better lattice packing.
Due to the different relative disposition of the sulfonamide moieties, the dipole moment of the anti and syn conformations is expected to be different. It is thus foreseeable that the polarity of the solvent could influence the relative energies of the conformations at a great extent. For this reason the DFT optimization were run by including different solvents and using the PCM approach. 12 On raising the dielectric constant of the solvent, the energy difference decreases from 0.79 kcal/mol (gas phase) to 0.44 kcal/mol when DMSO was considered. 13 The results of the B3LYP calculations suggested that both the anti and syn conformation should be populated in solution. However, given the very small energy differences, an assignment of the conformational preference based on calculations will be unreliable. Indeed, when a different functional such as ωB97XD (that accounts for long-range interactions and dispersive forces) was employed, the trend was reversed, the syn conformation being always calculated as the more stable, with larger energy differences. The conformation observed in the solid state was calculated to be the most stable when the solvent was introduced in the calculations (Table 1) . Within this theoretical level, inclusion of DMSO in the calculations enhanced again the preference for the syn conformation in polar solvents with respect to lowpolarity ones like chloroform. Table 1 .
Two transition states were conceived for the rotation of the sulfonamide (Figure 3 ): the first one has the SO 2 pointing towards the CH of the central ring (TS-1), while the second TS has the SO 2 close to the methyls of the central ring (TS-2). When optimized at the B3LYP/6-31+G(d,p) level in the gas phase, both structures were validated as transition states by frequency analysis (a single imaginary frequency corresponding to the rotation of sulfonamide was found). The lower energy transition state was TS-1, i.e. the one with the SO 2 group close to the aromatic CH (20.4 and 21.9 kcal/mol, respectively). The evidence of two sets of signals in the 1 H NMR spectrum confirms the existence in solution of the two conformational diastereoisomers, and the diastereotopicity of the hydrogens belonging to the CH 2 confirms that the CH 2 groups are displaced out of the aromatic plane. On raising the temperature the two signals of the aromatic CH broaden and reach the coalescence at +77°C, eventually yielding a single signal above +90 °C (Figure 4) . From the rate constants determined by full lineshape simulation an energy barrier of 17.5 kcal/mol was derived for the conformational process using the Eyring equation 14 . This energy barrier corresponds to the diastereomerization between the syn and the anti conformations. The same behavior was observed for the CH 2 signals ( Figure 5 ). The two pairs of signals reach the coalescence at +109°C and yield a single signal above +120°C. The line shape simulation of the CH 2 signal requires the use of two different rate constants. One accounts for the diastereomerization and it exchanges one AB system into the other. The second rate constant exchanges the two doublets within each AB system. The first rate constant has to be identical to that obtained from the simulation of the aromatic CH, while the second one should correspond to ½ of the diastereomerization constant, because the racemization of the anti conformation (or homomerization of the syn) is a two-steps pathway that requires the sequential rotation of both the sulfonamide moieties. A satisfactory simulation was indeed obtained using two different rate constants: that for diastereomerization and a halved rate constant accounting for the internal exchange of the AB systems (18.1 kcal/mol).
The rate constants obtained by the line shape simulations cover a wide range of temperature and allowed us to derive all the activation parameters using both the Arrhenius and Eyring equations (1) and (2), respectively.
(1) (2) From the Arrhenius plot ( Figure 6 ) the activation energy E a was found to be 18.2 ± 1.0 kcal/mol with LogA = 13.3 ± 0.6 (errors at the 95% confidence limit). From the Eyring plot the values of activation enthalpy and entropy were derived as ∆H ≠ = 17.5 ± 1 kcal/mol and ∆S ≠ = 0.0 ± 2.6 e.u. As usual in the dynamics of conformational processes, the activation entropy value results to be negligible within the experimental uncertainty. As a first attempt to assign the more populated conformation in solution, some different solvents were used because the dipole moment of the syn and anti conformation was calculated to be different. The syn conformation was calculated to be the more polar, and the polarity difference increases when a polar solvent such as DMSO was included in the calculations. (Figure 7 ). When DMSO was used, an inversion of the conformer ratio was observed (left trace of Figure 7 , 43:57 ratio). When the solvent mixture was employed, the ratio was 47:53, thus a mismatch due to an inversion of the chemical shift should be ruled out. On this basis, the more populated conformation in lowpolarity solvents should be the anti. Since the X-ray structure was determined on crystals grown from a polar solvent (acetonitrile/methanol), it cannot be excluded that crystals containing the anti conformer could be grown from a low polarity solvent. 17 However, when single crystals obtained from a chloroform solution were analyzed, they had the very same crystal cell and structure of the others. Thus the preference of the syn conformation in the solid state must be attributed to a more dense crystal lattice, independently of the conformational preference in solution. 18 To unambiguously assign which conformation is the more populated in solution, a crystal of 1 was dissolved in CD 2 Cl 2 at -50 °C and the spectrum recorded at the same temperature having always kept the sample cooled below this temperature. Since in the solid state only the syn diastereoisomer is present, the aromatic CH region mainly displays a single signal (6.31 ppm, see Figure 8 ). When the sample was allowed to warm inside the spectrometer, the line of the second diastereoisomer at lower field (6.46 ppm) increases its intensity, eventually reaching the equilibrium proportion. This behavior confirms that the more populated conformation in lowpolarity solvents is the anti. NMR spectrum recorded at -50°C of a sample of 1 dissolved at ambient temperature in CD 2 Cl 2 and then cooled to -50°C.
Conclusions
N-Aryl tosylates display a rather large rotational barrier around the Aryl-NSO 2 R bond, and separate signals due to the syn and anti conformations were observed at ambient temperature when two identical NSO 2 R groups were bound to the same aromatic ring. Due to the different dipole moment, the relative population of the two conformations strongly depends on the solvent, the anti one being the more stable in low polarity solvents. The syn conformation is always the solely populated in the solid state, probably because of a more dense packing.
Experimental Section
General. Commercial available reagents are used as obtained, unless otherwise stated, from freshly opened container without further purifications. Anhydrous solvents were obtained from Puresolv (Innovative Technology Inc.) apparatus. All the reactions are monitored by TLC on commercially available pre-coated plates (silica gel 60 F 254) and the products were visualized with acidic vanillin solution. Silica gel 60, 230-400 mesh, is used for column chromatography. Melting points were determined in a capillary tube using a Büchi 510 melting point apparatus and are uncorrected. 1 N,N'-bis-tosyl-1,4-diamino-2,3-dimethylbenzene. A solution of p-toluensulfonyl chloride (280 mg, 1.47 mmol) in 1 mL of dry DCM was added dropwise at 0°C to a solution of 2,3-dimethyl-1,4-diaminobenzene (100 mg, 0.73 mmol) and dry triethylamine (162 mg, 1.6 mmol) in 0.5 mL of dry DCM. The reaction was stirred at 0 °C under a N 2 atmosphere and monitored by TLC (eluent: DCM/AcOEt 20/1) for 2 hours. Then, dry triethylamine (33 mg, 0.33 mmol) and ptoluenesulfonyl chloride (57 mg, 0.30 mmol) were added twice after 4 and 6 h, and the reaction kept at ambient temperature for additional 20 hours. The reaction mixture was diluted with DCM (40 mL), washed with 10% aq. HCl (3x30 mL) and with water (2x30 mL). N,N'-bis-tosyl-N,N'-dipropargyl-1,4-diamine-2,3-dimethylbenzene (1) . To a solution of N,N'-bis-tosyl-1,4-diamine-2,3-dimethylbenzene (90 mg, 0.2 mmol) in dry DMF (2.5 mL) propargylbromide (120 mg, 0.8 mmol) and dry K 2 CO 3 (113 mg, 0.8 mmol) were added in sequence. The reaction mixture was stirred at +60 °C under a positive N 2 atmosphere for 24 hours. The reaction was cooled at ambient temperature, diluted with Et 2 O (100 mL) and washed with 10 % aq. HCl (3x30 mL). The acid aqueous phase was extracted with Et 2 O (2x40 mL). The organic phases were combined, washed with brine (3x60 mL), dried over Na 2 SO 4 , filtered and concentrated in vacuum. The crude white solid obtained (98 mg) was purified by silica gel flash chromatography (eluent: DCM) to obtain N, N'-bis-tosil-N,N'-dipropargyl-1,4- Variable temperature NMR. The variable temperature NMR spectra were obtained by using a flow of dry nitrogen which entered into the NMR probe head by a vacuum-insulated transfer line. The 600 MHz 1 H spectra were acquired using a 5 mm direct probe with a 9000 Hz spectral width, 2.0 µs (20° tip angle) pulse width, 3 s acquisition time and 1 s delay time. A shifted sine bell weighting function equal to the acquisition time (i.e., 3 s) was applied before the Fourier transformation. Temperature calibrations were performed before the experiments, using a digital thermometer and a Cu/Ni thermocouple placed in a NMR tube filled with 1,1,2,2-tetrachloroethane. The uncertainty in the temperature measurements can be estimated from the calibration curve as ±1 °C. Line shape simulations were performed using a PC version of the QCPE DNMR6 program. 20 Electronic superimposition of the original and the simulated spectra enabled the determination of the most reliable rate constants at different temperatures. 
